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ABSTRACT
A growing number of epidemiological studies conducted
worldwide suggest an increase in the occurrence of ad-
verse health effects in populations living, working, or
going to school near major roadways. A study was de-
signed to assess traffic emissions impacts on air quality
and particle toxicity near a heavily traveled highway. In
an attempt to describe the complex mixture of pollutants
and atmospheric transport mechanisms affecting pollut-
ant dispersion in this near-highway environment, several
real-time and time-integrated sampling devices measured

IMPLICATIONS
Increasing evidence of adverse health effects for popula-
tions spending large amounts of time near major roadways
warrants investigation into the relationship of traffic activity
and meteorology on the air quality to which these popula-
tions are exposed. Understanding these relationships will
lead to better methods of protecting public health through
improved voluntary, regulatory, and planning actions.
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air quality concentrations at multiple distances and heights
from the road. Pollutants analyzed included U.S. Environ-
mental Protection Agency (EPA)-regulated gases, particulate
matter (coarse, fine, and ultrafine), and air toxics. Pollutant
measurements were synchronized with real-time traffic and
meteorological monitoring devices to provide continuous
and integrated assessments of the variation of near-road air
pollutant concentrations and particle toxicity with chang-
ing traffic and environmental conditions, as well as distance
from the road. Measurement results demonstrated the tem-
poral and spatial impact of traffic emissions on near-road air
quality. The distribution of mobile source emitted gas and
particulate pollutants under all wind and traffic conditions
indicated a higher proportion of elevated concentrations
near the road, suggesting elevated exposures for populations
spending significant amounts of time in this microenviron-
ment. Diurnal variations in pollutant concentrations also
demonstrated the impact of traffic activity and meteorology
on near-road air quality. Time-resolved measurements of
multiple pollutants demonstrated that traffic emissions pro-
duced a complex mixture of criteria and air toxic pollutants
in this microenvironment. These results provide a founda-
tion for future assessments of these data to identify the
relationship of traffic activity and meteorology on air qual-
ity concentrations and population exposures.

INTRODUCTION
In recent years, several epidemiological studies have re-
ported associations between a population’s proximity to
high-traffic-volume roadways and adverse health effects,
which include asthma and other respiratory symptoms,1–10

birth and developmental effects,11–15 premature mortality,16–20

cardiovascular effects,21–23 and cancer.24–26 These studies
typically compare the occurrence of adverse health effects
in populations that live, work, or go to school near
heavily traveled roadways.

Motor vehicles influence the temporal and spatial
patterns of regulated gases, particulate matter (PM), and
air toxic pollutant concentrations. Emissions from motor
vehicle operations near major roads have led to elevated
concentrations of certain air pollutants, including carbon
monoxide (CO); nitric oxides (NOx); nitrogen dioxide
(NO2); coarse (PM10–2.5), fine (PM2.5), and ultrafine
(PM0.1) PM; black carbon (BC); and benzene near large
roadways when compared with overall urban background
levels.27–33 Several recent studies have focused on PM
measurements, identifying elevated ultrafine particle
number concentrations in close proximity to road-
ways.28,34–38 In general, these studies focused on specific
pollutants or class of pollutants, with limited information
on traffic activity during the measurements.

This project provided data to characterize the influence
of traffic-generated emissions on the temporal and spatial
variability in pollutant concentrations in the near-road
environment. The primary objectives were to identify ap-
propriate monitoring techniques to measure the complex
mixture of traffic-related pollutants in the near-road envi-
ronment, determine how traffic and environmental condi-
tions affect near-road air quality, and evaluate existing emis-
sions and dispersion models for near-road applications. This
paper presents a description of the methods used in the

study, as well as a summary of results illustrating the rela-
tionship of meteorology, traffic, and air quality concentra-
tions near the road. Other publications will present addi-
tional results on specific monitoring techniques evaluating
near-road air pollutant concentrations, detailed associations
between traffic conditions and pollutant concentrations
near the road, effects of roadside structures, and comparison
of monitored and modeled data. Because of the large scope
of this project, a presentation of all results from this study is
not feasible in one paper.

METHODS
The project study design focused on highly time-resolved
characterization of traffic activity, meteorology, and air
quality at varying distances from the road. Selected air
quality parameters were chosen to represent the complex
mixture of pollutants emitted by motor vehicles. In addi-
tion to real-time air quality monitoring, select time-
integrated measurements allowed for detailed chemical
speciation and the evaluation of particle toxicity.

Field Site
A site in Raleigh, NC provided the opportunity to assess
several factors influencing air quality near major roads.
Figure 1 shows the project location, adjacent to U.S. Inter-
state 440 (I-440). I-440 is a limited-access highway support-
ing approximately 125,000 vehicles/day. An open field at-
grade with the highway extends for approximately 120 m to
the north of I-440, with the only structures present between
the field and I-440 travel lanes being a guardrail and shrub-
bery, approximately 1 m in height and width. A two-story
building sits to the north of the field. This building extends
for approximately 80 m away from the highway and houses
an adult educational facility. The building’s parking lot lies
to the west of the sampling sites, with less than 100 passen-
ger cars per day estimated to use this lot during the study. An
access road supporting less than 200 vehicles per day runs
parallel to the highway approximately 10 m from the edge
of the I-440 travel lanes. A truck rental business operates at
the end of this access road; thus, a large portion of the

Figure 1. Map of the study location including the relative placement
of the monitoring instrumentation (shown as yellow circles). The light
blue line represents the route driven by the mobile monitoring vehicle.
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vehicles on the access road during the study consisted of
heavy-duty trucks. A noise barrier exists approximately 5 m
from the edge of the I-440 travel lanes, beginning approxi-
mately 40 m west of the center of the open field. This barrier
extends over 1 km west along I-440. South of the highway,
an approximately 5-m elevation drop occurs at a 45° angle.
Two-story office buildings are located at the bottom of the
hill; thus, the rooftops of these buildings are essentially
at-grade with the road. With the exception of the highway,
no other major air pollution sources were identified within
several kilometers of the study site.

On the basis of historical meteorological monitoring
data collected at Raleigh-Durham International Airport in-
dicating predominant winds from the south/southwest for
this region, downwind monitoring sites were established to
the north of I-440, with an upwind site located to the south
of the highway. The monitoring network consisted of six
primary monitoring sites to assess near-road air quality with
no obstructions to airflow present: one upwind and five
downwind of I-440. The downwind sites were located along
a transect perpendicular to I-440 approximately 5, 20, 50,
100, and 300 m to the north of the edge of the nearest travel
lane. The 5-m downwind site provided measurements be-
tween I-440 and the access road, whereas the remaining sites
provided data downwind of both I-440 and the access road.
Thus, the influence of vehicles on the access road could be
assessed. Intensive monitoring occurred at the 20- and
300-m sites, with the other sites providing supplemental
data to evaluate the potential shape of concentration gradi-
ents away from the road. A secondary transect was also
established behind the noise barrier approximately 20, 50,
100, and 300 m to the north of the edge of the nearest travel
lane of I-440. These sites provided supplemental data to
make comparisons with the unobstructed transect measure-
ments. Figure 1 shows the approximate locations of these
monitoring sites. Data collection occurred during July and
August 2006.

The following sections summarize the monitoring
equipment and methods implemented for the study. Ta-
ble 1 lists the parameters measured and instruments used
in the study, as well as the location of the measurements.

Traffic Activity
Traffic surveillance cameras mounted on a 12-m utility pole
located approximately 5 m from the edge of I-440 provided
video data of traffic activity on I-440 and the access road.
TigerEye software (DTS Inc.) remotely processed vehicle fre-
quency, speed, and class (motorcycles, light-duty cars, light-
duty trucks, and heavy-duty trucks) as a function of time
during daylight hours of the study. Computer hard drives
on-site stored all traffic video information to allow for visual
confirmation of the software outputs.

Meteorology
Meteorological data measurements included wind speed,
wind direction, temperature, and humidity. For wind
speed and direction parameters, measurement methods
included cup anemometer stations (HOBO Weather Sta-
tion, Onset Corp.) and sonic anemometers (Model 81000
Ultrasonic Anemometer, R.M. Young Co.) at several loca-
tions. Sonic anemometers were located at downwind sites
at 5 (Sonic-5), 20 (Sonic-20), and 100 (Sonic-100) m

whereas the sites at 20 (Met-20) and 300 (Met-300) m
contained the cup anemometer stations. Comparison of
the data at the 5- and 20-m sites provided information on
the horizontal and vertical extent of the turbulent mixing
zone from the highway. The wind sensors at the 100- and
300-m sites provided data on the consistency of winds
from the road, as well as the potential influence of the
building on airflow around these sites.

Air Quality
Air quality monitors measured pollutant concentrations at
multiple distances from the road, as shown in Figure 1 and
Table 1. Measurements of regulated gases, PM, and air toxics
provided information on the concentration of these pollut-
ants during changing traffic and environmental conditions.
An on-site master clock provided time-synchronized mea-
surements for all of the monitoring equipment. In addition
to the air quality measurements described below, a series of
sulfur hexafluoride (SF6) releases provided information on
the transport and dispersion of air masses off the roadway.
Detailed descriptions of the SF6 analyses and results will be
presented in later publications. The following sections pro-
vide descriptions of the air quality monitoring conducted
for each of the air pollutant categories evaluated.

Regulated Gases. Real-time gas analyzers, meeting U.S. En-
vironmental Protection Agency (EPA) federal reference
method (FRM) or equivalent method (FEM) criteria, mea-
sured CO, CO2, NOx, and total hydrocarbon (THC) pollut-
ant concentrations at 20 and 300 m from the road. These
analyzers collected measurements at 20-sec averaging peri-
ods for all hours of the day at a height approximately 2 m
above ground. Two CO2 FRM samplers also measured con-
centrations at 4 and 8 m above ground at the 20-m site.
Multipoint calibration, zero, and span check procedures
provided an assessment of the measurement accuracy for
each analyzer. These analyzers provided near real-time anal-
yses of regulated pollutant concentrations related to traffic
activity, as well as a determination of the change in concen-
tration with increased distance from the road.

Additional monitoring techniques also measured
concentrations of regulated gases. Optical remote sensing
(ORS) devices measured CO, CO2, nitric oxide (NO), SF6,
formaldehyde (HCHO) and integrated THC concentra-
tions along multiple paths near the highway. Ground-
based ORS instruments utilized infrared (IR), visible,
and/or ultraviolet (UV) light beams projected over open
paths to spatially measure averaged gaseous pollutant
concentrations in the intersected air column using optical
absorption spectroscopy. An open-path Fourier transform
IR (OP-FTIR) spectrometer and a deep UV differential op-
tical absorption spectrometer (DUV-DOAS) operated in
pairs at both the 5- and 20-m sites. The optical paths of
the OP-FTIR/DUV-DOAS pairs at these sites were located
in close proximity to each other and parallel to I-440. The
OP-FTIRs were monostatic in configuration and measured
CO, CO2, SF6, and THC with 30-sec time resolution.39,40

The bistatic DUV-DOASs measured NO and an integrated
THC deep UV band with 5-sec time resolution.41,42 The
optical paths for 5- and 20-m sites were 149 m in length
and approximately 2 m above the ground to approximate
breathing level height. A positional-scanning monastic
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OP-FTIR also positioned at the 20-m site acquired data
sequentially along four separate paths. Two paths were
located parallel to the other ORS units at the 20-m site,
but measured concentrations at elevated positions of 7
and 15 m above the ground to estimate the vertical di-
mensions of the traffic emission plume. Two elevated

optical paths were also configured perpendicular to I-440
beginning at the 20-m site and terminating at the 100-m
site for path lengths of 83 and 85 m, respectively. A
sample acquisition time of 5 sec resulted in a total cycle
time for all four paths of approximately 1 min. Also near
the 20-m downwind site, a DUV-DOAS measured HCHO

Table 1. List of parameters measured, including instrumentation and location of the sampling.

Parameter
Measured Sampling Method Instrument/Media

Sampling Frequency
(average time)

Location (distance from road)

5 m 20 m 50 m 100 m 300 m Upwind

CO FRM API Model 300 (San Diego, CA) Continuous (20 sec) X
TECO Model 48 (Franklin, MA) Continuous (20 sec) X

ORS OP-FTIR IMACC Inc. (Round Rock, TX) Continuous (30 sec) X X
ORS OP-FTIR AIL Systems Inc. (Deer Park, NY) Continuous (1 min) Xa

Portable TSI Q-Trak Mo. 8554 (Shoreview, MN) Continuous (20 sec) X X X X X
CO2 FRM Siemens ULTRAMAT (New York, NY) Continuous (20 sec) X (2 m) X X

Horiba Model VA (Ann Arbor, MI) Continuous (1 sec) X (4 m)
Horiba Model VA (Ann Arbor, MI) Continuous (1 sec) X (8 m)

ORS OP-FTIR IMACC Inc., (Round Rock, TX) Continuous (30 sec) X X
ORS OP-FTIR AIL Systems Inc. (Deer Park, NY) Continuous (1 min) Xa

Portable TSI Q-Trak Mo. 8554 (Shoreview, MN) Continuous (20 sec) X X X X X
NOx FRM API Model 200° (San Diego, CA) Continuous (20 sec) X

TECO Model 42S (Franklin, MA) Continuous (20 sec) X
NO ORS DUV-DOAS Cerex Environmental (Atlanta, GA) Continuous (5 sec) X X
THCs FRM Horiba FIA 220 (Ann Arbor, MI, USA) Continuous (20 sec) X X

ORS OP-FTIR IMACC Inc., (Round Rock, TX) Continuous (30 sec) X X
ORS OP-FTIR AIL Systems Inc. (Deer Park, NY) Continuous (1 min) Xa

Benzene TO-15 Summa canister Integrated (1 and 12 hr) X X X X X
Jet-REMPI-TOFMS Continuous (1 sec) X

Toluene TO-15 Summa canister Integrated (1 and 12 hr) X X X X
Jet-REMPI-TOFMSc Continuous (1 sec) X

Formaldehyde ORS UV-DOAS OPSIS AB (Furulund, Sweden) Continuous (5 sec) X
Acrolein TO-15 Summa canister Integrated (1 and 12 hr) X X X X X
Polyaromatic

hydrocarbons
Jet-REMPI-TOFMS Continuous (1 sec) X X X X X

PM10–2.5 FRM Gravimetric R&P Partisol Plus 2025 (Albany, NY) Integrated (24 hr) X X X
Portable Gravimetric AirMetrics Minivol (Eugene, OR) Integrated (24 hr) X X X X X X

PM2.5 FEM TEOM R&P Series 1400° (Albany, NY) Continuous (1 min) X (4 m)
FEM TEOM R&P Series 1400° (Albany, NY, USA) Continuous (1 min) X (8 m)
Portable TSI Sidepak (Shoreview, MN) Continuous (20 sec) X X X X X
FRM Gravimetric R&P Partisol Plus 2025 (Albany, NY) Integrated (24 hr) X X X
Portable AirMetrics Minivol (Eugene, OR, USA) Integrated (24 hr) X X X X X X

Particle number Portable TSI P-Trak 8525 (Shoreview, MN) Continuous (20 sec) X X X X X
Particle number

and size
distribution

EEPS/SMPS TSI Model 3090 EEPS TSI Model 3936
SMPS (Shoreview, MN)

Continuous (1-sec EEPS)
(2-min SMPS)

X (4 m)

APS/SMPS TSI Model 3321 APS TSI Model 3934
SMPS (Shoreview, MN)

Continuous (2-min APS)
(2-min SMPS)

X (8 m)

Dekati LPI Dekati Ltd. (Tampere, Finland) Integrated (24 hr) X X X
PM carbon

content
Aethalometer Magee Scientific AE3 (Berkeley, CA) Continuous (1 min) X

Magee Scientific AE4 (Berkeley, CA) Continuous (1 min) X
EC/OC (NIOSH5040) Pre-fired 47-mm quartz filter (with quartz

filter back-up)
Integrated (24 hr) X Xb

PM (organics) High-volume Tisch Environmental (Cleves, OH) Integrated (24 hr) X
PM (toxicity) High-volume R&P ChemVol (Albany, NY) Integrated (24 hr) X X
SF6 tracer gas GC-PID Lagus Autotrac (Escondido, CA) Continuous (1 min)

ORS OP-FTIR IMACC Inc., Round Rock, TX) Continuous (30 sec) X X
ORS OP-FTIR AIL Systems Inc. (Deer Park, NY) Continuous (1 min) Xa

GC-PID Summa canister Integrated (1 hr) X X X X
Traffic Video DTS Inc TigerEye (Albuquerque, NM) Continuous (20 sec) X
Meteorology Sonic anemometer R.M. Young Co. 81000 (Traverse City, MI) Continuous (4 per sec) X X X X

Cup and vane Onset Corp. HOBO (Pocasset, MA) Continuous (20 sec) X

Notes: aIncludes one path parallel to the highway and one path perpendicular between the 20- and 100-m sites; bSamples collected at 4 and 8 m above ground
level; cTOFMS � time-of-flight mass spectrometry.
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at a 1-min time resolution over a 228-m path length using
the method described by Platt.43 A monastic OP-FTIR
measured CO, CO2, SF6, and THC pollutant concentra-
tions at the 20-m site behind the noise barrier. The instru-
ment’s terminating retroreflector was located at the base
of the noise barrier 129 m to the west.

Implementation of the ORS methods provided infor-
mation on the flux of pollutants from the roadway and an
estimate of the change in concentration with distance. In
addition, the parallel paths on both sides of the access
road (5- and 20-m sites, respectively) allowed an evalua-
tion of the impact of vehicles on the access road to the air
quality measurements downwind of this road. The unit
located behind the noise barrier also allowed for an as-
sessment of the potential impact of this barrier on air
quality concentrations directly behind the structure.

Portable, less expensive, industrial hygiene monitors
located at all of the primary and secondary monitoring sites
collected CO, CO2, temperature, and humidity data. Each
monitor provided 20-sec average concentration measure-
ments for 24 hr each day during the study. As shown in
Table 1, these monitors were collocated with CO and CO2

FRM analyzers at the 20- and 300-m sites. In addition, two
portable samplers collected collocated measurements at the
50-m site. Study personnel rotated these monitors among
the sites every three days. Operation of these monitors pro-
vided an assessment of potentially less expensive alterna-
tives to measuring near-road air quality, as well as the ability
to measure multiple locations without external power to
assess concentration gradients away from the roadway.

Air Toxics. In addition to the measurement of THC, indi-
vidual air toxic compounds were monitored. Air toxic mon-
itoring included near-real-time measurements and inte-
grated samples. As described in the previous section, ORS
devices measured HCHO and THCs. In addition to the ORS
devices, a Jet resonance-enhanced multiphoton ionization
with time-of-flight mass spectrometer (Jet-REMPI) measured
near real-time concentrations of select air toxics at the pri-
mary 20-m downwind site. Oudejans et al.44 provide details
on the laser system and other instrument components and
methods that were used in this study. Study personnel con-
ducted a mass calibration of the Jet-REMPI daily using inter-
nal gas standards. The instrument reported 1-sec time-
resolved concentrations of benzene, toluene, and select
polycyclic aromatic hydrocarbons (including naphthalene).
Implementation of the Jet-REMPI in this study provided one
of the first real-time measurements of mobile-source-related
air toxics in a near-road environment. In addition, colloca-
tion of this device with other air toxic monitoring equip-
ment provided an opportunity to compare multiple moni-
toring techniques for near-road measurements.

Although the real-time measurements provided infor-
mation on air toxic concentrations within 20 m of the
highway, these samplers could only provide limited infor-
mation on concentration gradients. To supplement the con-
tinuous measurements, Summa canisters collected inte-
grated air samples at each of the upwind and downwind
primary monitoring sites. Samples were collected over three
different time intervals: 1-hr average samples during the
morning rush hour (7:00 to 8:00 a.m.), 1-hr average samples
during the evening rush hour (4:30 to 5:30 p.m.), and 12-hr

average daytime samples (6:00 a.m. to 6:00 p.m.) collected
at the 20- and 300-m sites only). All canisters were cleaned
before use in the field. Daily laboratory and field blanks
provided information on potential contamination of the
canister samples.

PM. PM sampling provided continuous and integrated
measurements for particle physical and chemical compo-
nents. The size ranges analyzed included PM10–2.5 (aerody-
namic diameter between 10 and 2.5 �m), PM2.5 (aerody-
namic diameter less than 2.5 �m), and PM0.1 (aerodynamic
diameter less than 0.1 �m) mode particles. Continuous mea-
surements provided information on the relationship of ve-
hicle activity and environmental conditions with near-road
PM concentrations and characteristics. For PM components
that could not be measured continuously, integrated sam-
ples provided information on the relative abundance of
these components.

A suite of monitoring equipment located at the pri-
mary downwind site 20 m from the road collected con-
tinuous and integrated PM samples to determine the con-
centration and characteristics of aerosols present in the
near-road environment. This site contained monitoring
devices to determine the following parameters: mass,
number, size distribution, carbon content (BC and ele-
mental carbon [EC]/organic carbon [OC]), organic com-
position, and elemental composition. The majority of the
samplers were located at breathing level height (�2 m
above ground). In addition, select monitors also collected
PM samples at heights of 4 and 8 m above ground for
PM2.5 mass, particle size distribution, particle number,
CO2, and EC/OC at this site as noted in Table 1.

PM mass measurements included continuous FEM sam-
plers, portable continuous industrial hygiene samplers, in-
tegrated FRM monitors, portable air quality samplers, and
multistage impactors. Continuous PM2.5 measurements
were collected at the 4- and 8-m heights using a FEM tapered
element oscillating microbalance (TEOM).45 The TEOMs op-
erated continuously for 24 hr per day and reported concen-
trations at an averaging period of 30-sec. These samplers
provided measurements to associate traffic activity with PM
concentrations, as well as the flux of particles off the road-
way. Portable industrial hygiene PM2.5 samplers (Sidepaks)
also measured continuously for 24-hr/day at an averaging
period of 20 sec. In addition to being collocated with other
PM instrumentation at the 20-m site, these samplers were
located at all of the other sites in the monitoring network,
including collocated samplers at the 100-m site. Study per-
sonnel rotated these samplers every 3 days. These samplers
were installed to evaluate cost-effective techniques that do
not require external power to identify PM2.5 concentration
gradients.

FRM samplers collected PM2.5 filters at the upwind,
20-, and 300-m primary sites for gravimetric analysis to
determine PM mass concentrations. These samplers col-
lected a 23-hr average daily sample, with 1-hr filter changes
beginning at 1:30 p.m. each day. A very sharp-cut cyclone
inlet (VSCC; URG Corp.) was used for these samplers. The
sample flow rate was 16.7 L/min through a single 47-mm
filter. The flow rate was monitored and regulated by the
sampler’s integrated microprocessor, software, air tempera-
ture and pressure sensors, and mass flow controller. These
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samplers provided reference concentrations for compari-
son with the other continuous and integrated monitoring
techniques.

In addition to the FRMs, portable filter-based air qual-
ity samplers (Minivols) collected PM10 and PM2.5 size-
segregated samples at a flow rate of 5 L/min.46 PM10 and
PM2.5 samplers were placed at the primary upwind and
downwind monitoring sites. In addition, a collocated set
of samplers was placed at the 100-m site. These samplers
were rotated among the monitoring sites on a daily basis.
Like the continuous portable monitors, these samplers
provided cost-effective data at locations not requiring
external power to assess potential PM2.5 concentration
gradients.

Multistage low-pressure impactors (LPIs) collected
PM mass in 13 size fractions ranging from under 0.02 �m
to greater than 10 �m in aerodynamic diameter at the
upwind, 20-, and 300-m sites. In addition to mass distri-
butions in the multiple size ranges, these samples pro-
vided particles for elemental analysis by inductively cou-
pled plasma-mass spectrometry. The LPI located at the
20-m site collected a daily 24-hr sample at a flow rate of 30
L/min. The two LPIs located at the upwind and 300-m
sites collected a 7-day sample at 10 L/min to ensure suf-
ficient mass on each stage for the gravimetric and elemen-
tal analyses.

To assess changes in particles with changing traffic
conditions, the size distributions of the PM present in the
near-road environment, based on measurements at the
20-m site, were collected in near real-time using a scan-
ning mobility particle sizer (SMPS) in conjunction with a
condensation particle counter (CPC) and differential mo-
bility analyzer (DMA) at 4 and 8 m above ground. In
addition to the SMPS, an Engine Exhaust Particle Sizer
(EEPS) and an aerodynamic particle sizer (APS) measured
particle size distributions and number counts at the 4-
and 8-m heights, as indicated in Table 1. These size-
segregated samples allow for the determination of the
amount and composition of particles in multiple size
fractions to aid in the evaluation of the relative impact
from tailpipe emissions, brake and tire wear, and re-
entrained road dust.

Portable industrial hygiene monitors (P-Trak) contin-
uously measured total particle number counts at all of the
monitoring sites. This sampler operated 12 hr per day
(5:30 a.m. to 5:30 p.m.) and collected 20-sec average par-
ticle number data. These samplers required the addition
of alcohol to the monitors’ wick after 6 hr of sampling.
Alcohol changes occurred at 8:30 a.m. and 2:30 p.m.
daily. Study personnel rotated these monitors every third
day of sampling. Because the presence of large numbers of
ultrafine particles in the near-road environment has been
cited as a potential health concern, these samplers were
evaluated as a cost-effective alternative to assess this
parameter.

Because motor vehicles emit significant amounts of
carbon particles, aethalometers measured continuous BC
concentrations at the 20- and 300-m sites. These samplers
operated continuously throughout the day, with daily
flow calibration checks. Data were reported in 2-min av-
eraging periods to evaluate associations with traffic activ-
ity. In addition to BC, motor vehicles emit a complex

mixture of elemental and organic compounds. One set of
pre-fired 47-mm quartz fiber filters with a quartz filter
backup collected a sample each day at the 20-m site at the
4- and 8-m heights, respectively, for EC and OC analysis
using the National Institute for Occupational Safety and
Health 5040 method.47 A set of laboratory and field blank
filters were also analyzed daily. In addition to EC/OC
measurements, high volume sampling at the 20- and
300-m sites measured particulate and semi-volatile OC
compounds. The high-volume sampler (Tisch Environ-
mental) collected at a flow rate of 230 L/min for analysis
of speciated organic PM2.5 using a TE-1000 polyurethane
foam (PUF) high-volume air sampler. Samples were col-
lected daily (24-hr sampling interval) with baked quartz
filters (102-mm diameter, Pall Life Sciences, TISSU-
QUARTZ 2500QAT-UP). Approximately 15% of samples
were collected as field blanks.

Additional high-volume samplers (ChemVol Impac-
tor) collected large mass samples of PM10–2.5, PM2.5, and
PM0.1 to assess the toxicity of particles in the different size
fractions. This sampler was located at the 20- and 300-m

Figure 2. Wind roses: (a) NWS dsRDU airport all hours; (b) NWS
RDU airport morning hours; (c) NWS RDU airport afternoon hours;
(d) Met-300 station July/August 2006; (e) Sonic-20 station July/
August 2006; and (f) Sonic-5 station July/August 2006.
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sites to evaluate potential differences in toxicity at in-
creasing distance from the road. Samples collected for
toxicity testing used PUF substrate (McMaster-Carr) for
the PM10–2.5 and PM2.5 stages and polypropylene fiber
filter (Grade 5300 medium, Monadnock Non-Wovens
LLC) for PM0.1 collection. The sampler collected at 900
L/min, so a handheld anemometer was used to ensure
that this high-volume sampler did not affect airflow
around the other sampling devices. Once the PM samples
were extracted in methanol and the PM suspensions
dried, concentrated, and diluted, mice were intratrache-
ally instilled with samples from each size fraction. Lung
lavage fluid was analyzed for signs of inflammation. Re-
sults of this work will be reported separately.

In addition to the fixed site monitoring, the Duke
University mobile laboratory provided PM size distribu-
tion data at varying locations throughout the study area.
A minivan equipped with a global positioning system
(GPS) and PM measurement devices recorded the location
and pollutant concentrations while driving over a pre-
defined route in the vicinity of the fixed sites. Inlet air
entered through a 3-m long, 0.5-in. outer diameter stain-
less steel pipe, with the inlet located at a 2-m height,
above and in front of the driver’s side of the cabin. The
clocks of the instruments and the GPS were synchronized
before each sampling period. The data were adjusted for

the delay time required for air to reach the instruments
through the sampling line. Khylstov et al.48,49 provide
more detail on the mobile monitoring system used in the
study.

The data from the on-board instruments were com-
bined with the location data from the GPS to produce a
concentration map of the study area. The resolution of
the GPS limits the spatial resolution of the measure-
ments to approximately 7 m. For the study, two iden-
tical DMA-CPC (TSI 3071 DMA and TSI 3010 CPC)
combinations provided number concentrations for 20
and 75-nm size particles. One DMA was set to a con-
stant voltage, selecting a nearly monodisperse aerosol
of 20 nm in diameter. The other DMA was set to select
75-nm particles at 10 measurements/sec (10 Hz). The
particle counts were converted to the number concen-
tration using the charging efficiency for the particles at
that size. To obtain information on other particle sizes
and to assess how the variability at one size compares to
the variability at other sizes, a limited set of runs were
made over the same route, during which one instru-
ment sampled 20-nm particles at 10 Hz, whereas the
other collected in the SMPS mode,50 measuring the size
distribution in the range of 12–300 nm with an averag-
ing period of 20 sec.

Figure 3. Distributions of wind directions at multiple stations: (a) Met-300, (b) Sonic-20, and (c) Sonic-5.
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RESULTS AND DISCUSSION
The results described in this paper focus on general trends
and associations between the parameters measured. The
complexity of the interaction among traffic activity, en-
vironmental conditions, and air pollutant concentrations
precludes a detailed assessment of all study results and
analyses in this paper. Future papers will describe these
complex interactions, as well as the evaluation of assess-
ment tools to characterize these conditions.

Meteorology
Historical meteorological monitoring data collected at
Raleigh-Durham (RDU) International Airport’s National
Weather Service (NWS) station, located approximately 13
km from the site, indicated predominant wind directions
from the south and southwest for the study area (Figure
2a). The southwesterly winds typically occur during the
morning hours (Figure 2b), whereas winds are more vari-
able in the afternoon (Figure 2c).

Figure 2, d–f, shows the distribution of winds from
several of the field site instruments during the study pe-
riod. These figures demonstrate the local-scale variability
in wind direction. Wind roses for the 300-m (Figure 2d)
and 20-m (Figure 2e) sites indicate similar patterns to the
RDU NWS historical data. However, measurements from
the 5-m site suggest that local-scale effects, such as

vehicle-induced turbulence from the road, likely alter
wind patterns adjacent to the road.

Figure 3 shows distributions of deviations of wind
direction from the source-receptor line normal from the
road (206°) for the following instruments: Met-300, Sonic-
20, and Sonic-5. Met-300, and Sonic-20. These showed
similarities in the distributions of wind direction devia-
tions. The distributions reveal a peak within a 90° sector
of normal. The distributions also show other peaks at
�10° and even at �180°. Similarly, distributions of wind
direction deviations from the other two instruments,
more closely located to the road, show maximum at
�100°.

Significant pollutant concentrations may be observed
even when the wind direction occurs outside of the 90°
sector normal from the road. Venkatram et al.51 referred
to disorganized transport by complex flows next to a
source as upwind meandering. To understand the relative
impact of meandering, turbulent intensities and wind
speed are examined. The distributions of vertical and hor-
izontal turbulent intensities (�v/U and �w/U, respectively)
are shown in Figure 4 as a function of hour of day for all
days of observations. The diurnal behavior of vertical and
horizontal turbulent intensities was similar to that of the
wind speed, with the lower values occurring during the

Figure 4. Comparison of (a) turbulent kinetic energy, (b) dilution velocity, (c) horizontal turbulent intensity, and (d) vertical turbulent intensities
at 5- and 20-m distances from the road.
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morning and the higher values occurring during the
afternoon.

The horizontal turbulent intensities, �v/U, varied
from 0.1 to 1 during the course of the day, with large
values, exceeding 1.5, occurring between 12:00 and 5:00
p.m. The majority of the vertical turbulent intensities,
�w/U, were between 0.2 and 0.6. The meteorological ob-
servations indicated that turbulence near the road was
significant; therefore, both direct transport by the mean
wind and turbulent diffusion likely impacted pollutant
concentrations and dispersion near the road. Generally,
weekend days during the study had few time periods with
winds from the south.

Traffic Characterization
Traffic activity data indicated that motor vehicle volumes
on the highway during the study reflected typical urban
traffic patterns. As shown in Figure 5, elevated traffic
volumes occurred during morning and evening rush hour
time periods during weekdays. Traffic activity generally

decreased on weekend days, especially during the morn-
ing hours, with Sunday mornings experiencing slightly
lower traffic volumes than Saturday mornings. The per-
centage of heavy-duty trucks operating on the road also
varied between weekdays (average truck percentage of
5%) and weekends (average truck percentage of 2%), with
these percentages generally remaining constant during
daylight hours.

Daily visual counts of 15-min averaging periods dur-
ing morning rush hour, afternoon, and evening rush hour
conditions on select study days provided an assessment of
the precision and accuracy of the software output. A com-
parison of software and visual traffic counts resulted in a
correlation coefficient (r2) value of 0.97 for total traffic
count (Ca � 1.27Cs where Ca is the actual vehicle count
and Cs is the count from the software program; n � 13). A
comparison of vehicle classes resulted in a correlation of
0.97 (Ca � 1.31Cs) for light-duty passenger cars, trucks,
and motorcycles and 0.60 (Ca � 0.92Cs) for heavy-duty
trucks. Although the software counts provided a good

Figure 5. Average and range of 5-min traffic volumes for (a) weekdays and (b) weekends.
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indication of the trend in the total traffic counts, the
software undercounted the actual number of vehicles on
the road. Further analysis of the video revealed that this
discrepancy likely resulted from the angle of the camera
display. During several instances, a large truck in a lane
closer to the video camera obstructed the view of passen-
ger cars in more distant lanes. In addition, if two or more
passenger cars appeared next to each other in the video,
whether in adjacent or the same travel lanes, the software
program often misclassified these vehicles as one truck.
These factors led to an overcount of heavy-duty trucks
and an undercount of light-duty vehicles. Because light-
duty vehicles dominated the number of vehicles in the
fleet at this location, these factors led to a general under-
estimate of the total traffic volume. In addition, the pre-
cision and accuracy of the vehicle counts and fleet char-
acterization generally decreased as the distance from the
camera to the travel lane increased. Future studies will
place the camera as close to the center of the highway as
possible to limit this effect. For this initial assessment of
the software, the accuracy and precision of the speed
component of the software was not assessed. Traffic vol-
umes shown in these results were corrected by the total
count regression equations.

Air Quality Measurements
Results from the air quality measurements demonstrated
the general relationship between meteorology, traffic
emissions, and pollutant concentrations near the road.
For a general assessment of the spatial and temporal im-
pacts from traffic emissions, CO and BC were used to
represent primary gas and particulate tailpipe emissions

from motor vehicles. Figure 6, a and b, presents the dis-
tribution of 20-sec average weekday CO and BC concen-
trations, respectively, measured 20 and 300 m from the
road during the study. The data include all wind direc-
tions and hours of the day during the study for each
respective pollutant. As seen in the figure, the frequency
of elevated CO and BC concentration measurements in-
creased at the 20-m site compared with the 300-m site. At
the 20-m site, the maximum CO measurement was 3.92
ppm and the median measurement was 0.25 ppm. The
maximum and median CO concentrations at the 300-m
site were 2.97 and 0.12 ppm, respectively. The maximum
and median BC measurement at the 20-m site were
13,420 and 1014 ng/m3, respectively, with maximum and
median BC concentrations at the 300-m site of 6479 and
824 ng/m3, respectively.

Figure 6 suggests that more pronounced long-term
differences occurred for CO than BC concentrations be-
tween the two sites. The fairly low volume of heavy-duty
trucks on I-440 during the study may explain these results.
Although all motor vehicles emit BC, heavy-duty diesel
trucks do tend to emit more on a per vehicle basis. Lower
fleet-averaged emission rates due to the lower volume of
heavy-duty trucks may have resulted in a smaller difference
in BC concentrations as compared with CO concentrations.

The temporal variability of CO and BC concentrations
also reflected the influence of traffic emissions and meteo-
rological conditions on near-road air quality. Figure 7 shows
a time-series comparison of CO and BC concentrations with
wind direction data for a specific day (August 7, 2006).
Figure 7 shows elevated CO and BC concentrations during

Figure 6. Distribution of (a and b) CO and (c and d) BC concentrations measured at (a and c) 20 m and (b and d) 300 m from the road during
the study period.
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time periods with elevated traffic activity as well as winds
from the road (during morning rush hour). When the wind
direction reversed away from the road, concentrations gen-
erally decreased (during afternoon rush hour).

Figure 7 also shows the concentration differences be-
tween the 20- and 300-m sites. Significant differences
occurred during morning rush hours with winds from the
road; however, the figure also indicates that higher pol-
lutant concentrations still occurred near the road during
the afternoon rush hour even when the winds were not
from the road. These elevated concentrations may have
resulted from elevated background concentrations, but
the increased concentrations at the 20-m site suggest that
local traffic activity may also be impacting pollutant con-
centrations near the road because of the meandering ef-
fect previously described.

Figure 8 highlights the complex mixture of pollutants
present in the near-road microenvironment. This figure
contains time-resolved (30-sec moving average) plots for a
specific sampling day (August 3, 2006) for NO, CO, am-
monia, benzene, and naphthalene measured with some of
the advanced instrumentation described in this paper.
Figure 8a shows that morning rush hour winds were from
the road (denoted by the line at 206°, which is perpen-
dicular to the road), whereas afternoons varied. The com-
binations of traffic activity and wind patterns resulted in
similarly elevated concentrations of multiple pollutants
during this day. The figure shows a general temporal
agreement among these inert and reactive compounds,
with maximum concentrations occurring during peak
traffic activity and winds from the road during the morn-
ing rush hour. These time-resolved measurements also

Figure 7. Comparison of (a) CO and (b) BC hourly average pollutant concentrations and measurement standard deviations by distance from the road
on August 7, 2006. Panel c shows the 1-min average wind speed and direction profiles for this day on the basis of measurements from Sonic-20.
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indicated a high degree of temporal variability in near-
road gaseous pollutant concentrations. Additional infor-
mation on time-resolved measurements from this study,
in addition to the time-dependent effects of wind param-
eters and traffic activity on near-road concentrations will
be provided in future publications.

Although the fixed site monitoring provided infor-
mation on the temporal and spatial variation of pollutant
concentrations in one dimension away from the highway,
the mobile monitoring van provided two-dimensional
spatial variability in pollutant concentrations. Figure 9
shows the route driven by the van (Figure 9a) with corre-
sponding concentration measurements of a single particle
size (aerodynamic diameter of 20 nm; Figure 9b) with
winds directionally from the road. The locations of max-
imum concentration occurred when the van was driven
on the access road with no noise barrier present between
the road and I-440. Particle concentrations decreased dur-
ing this portion of the route driven behind the noise
barrier. This figure also shows a decrease in particle con-
centrations as the van drove away from the highway. The

results from the monitoring van demonstrated the spatial
variability of particle concentrations with distance from
the road, as well as the potential influence of roadside
structures on ambient pollutant concentrations. A quan-
titative assessment of the decrease in pollutant concen-
trations behind the noise barrier will be examined in
future publications.

SUMMARY
This paper summarized a field study in Raleigh, NC, that
integrated multiple measurement techniques to assess the
spatial and temporal variability of a complex mixture of
pollutants present in a near-road microenvironment. This
study integrated several novel monitoring techniques to
provide new insights on the impact of motor vehicle
emissions on near-road air quality and adverse health
effects, including the following items.

• Real-time traffic and meteorological monitoring
to assess the relationship of these factors on near-
road air quality and impacts.

Figure 8. Comparison of measurements from DUV-DOAs, FTIR, and Jet-REMPI for August 3, 2006 for (a) wind direction, (b) NO, (c) CO, (d)
NH3, (e) benzene, and (f) methylnapthelene.
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• Multipollutant and highly time-resolved mea-
surements to evaluate the complex mixture and
variability of pollutants present near roads.

• Multilocation measurements, including mobile
sampling, to identify the spatial zone of influence
of motor vehicle-emitted pollutants.

• Presence of roadside barriers and open terrain
along the same stretch of limited-access highway
to analyze the effect these structures have on air
transport and pollutant concentrations.

Results presented in this paper demonstrated the gen-
eral air quality impacts of traffic emissions on the nearby
highway and the relationship of these impacts to meteoro-
logical conditions. The data indicated that overall concen-
trations of known mobile source emitted gaseous (CO) and
particulate (BC) pollutants were elevated near the road, and
the concentrations of these pollutants generally increased
with increasing traffic activity. The data also revealed a com-
plex mixture of pollutants present near the road that fol-
lowed this same general diurnal pattern, suggesting that
populations spending significant amounts of time near a
large roadway are subject to elevated concentrations of mul-
tiple air contaminants. In addition, elevated concentrations
near the road did not occur only when winds were coming
from the road, suggesting that pollutant meandering may
contribute to the elevated exposures experienced near a

road. Mobile monitoring results suggested that the presence
of roadside structures, such as noise barriers, do affect air
pollutant concentrations in the vicinity of the structure.
Data from this study suggest a significant decrease in pollut-
ant concentrations immediately behind the barrier with
winds from the roadway.
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